INTRODUCTION
Swietenia macrophylla King (Meliaceae) has been the most important source of high-quality wood among the mahoganies used in national and international markets. Most of mahogany wood has been obtained from natural populations in South and Central America, frequently from illegal extraction and trade. Thus, the populations of the species have been severely reduced, compromising the availability its genetic resources (WHITMORE, 2003; DEGEN et al., 2013) and its survival and perpetuation (GROGAN; LOVELESS, 2013) .
Despite several efforts in cultivating S. macrophylla for commercial purposes, a major issue has been the insect Hypsipyla grandella, which attacks the meristems of plants affecting most plantations (CORNELIUS, 2001; MOREIRA et al., 2014; ROCHA et al., 2016) . Such an issue, coupled with the ecological and genetic vulnerability of S. macrophylla, has motivated producers to introduce alternative species for providing wood with similar quality. In Brazil, Khaya anthotheca Welw. has been considered an option for replacing S. macrophylla. No reports on H. grandella incidence on K. anthotheca have been documented so far (PINHEIRO et al., 2011) .
K. anthotheca, commonly known as African mahogany, white mahogany or grand bassam mahogany, is a tropical species native to Africa, which yields wood of high standards for the international market (OPUNI-FRIMPONG et al., 2008) . Medicinal properties have also been reported, as limonoid extracts from K. anthotheca displayed potent antimicrobial activity (SULEIMANA et al., 2009 ) and antiprotozoal activity (OBBO et al., 2013) . Antioxidant properties have also been reported (SULEIMAN et al., 2010) . A specific role in antimalarial activity has been reported for the limonoid anthothecol MOYO et al., 2016) . Anthothecol may also have a preclinical significance in the treatment and prevention of pancreatic cancer (VERMA et al., 2015) .
Despite the incentives for the introduction of K. anthotheca to Brazil, the availability of seeds and plants for field plantations are still low (PINHEIRO, 2011; FRANÇA et al., 2015) . Furthermore, there is no established breeding program for the species in Brazil, nor a germplasm bank, which could be used toward selecting superior genotypes adaptable to Brazilian sites. One important step in constituting such a breeding program is to have established vegetative propagation techniques to propagate superior genotypes. Among the various vegetative propagation methods, air layering and grafting are low-cost and effective strategies to rescue superior materials, create seed orchards for producing seeds of desired genetic materials and obtain propagules for other techniques such as cuttings and mini-cuttings (HARTMANN et al., 2011) . The grafting technique consists of joining two or more parts of different plants. One is the rootstock, which serves as the support for the other part. The other is the scion, which generally consists of a branch, bud or other part of the plant. Grafting involves three major steps: adhesion between the rootstock and the scion; cicatrization and cellular proliferation; and tissue junction from vascular differentiation, which ultimately confer the graft union compatibility (HARTMANN et al., 2011) . Alternatively, air layering is aimed at promoting adventitious rooting on branches that are still connected to the main tree. The process is stimulated by plant growth regulators from the plant or artificially supplied, such as with the application of indole-3-butyric acid (IBA) (HARTMANN et al., 2011) .
Reports of the application of vegetative propagation methods on mahoganies are restricted to a few studies, such as with grafting of S. macrophylla and K. ivorensis HOFFMANN, 2008) . The use of grafting with selected genotypes of S. macrophylla has shown a potential reduction in the damage caused by H. grandella (PEREZ et al., 2010a) . Grafting has also been applied to the related mahogany K. senegalensis (NIKLES et al., 2008) , as well as micrografting (DANTHU et al., 2003) . Conversely, air layering has been scarcely used although it has been reported in Meliaceae family with Cedrela odorata (BRITWUM, 1970) . To date, no report on the application of grafting or air layering has been published for K. anthotheca.
The present work was aimed at the implementation and adaptation of cleft grating and air layering techniques for K. anthotheca. We evaluated the efficiency of grafting and air layering from selected rootstocks and scions of plants obtained from seeds. Inter-specific grafting was performed with combinations between K. anthotheca and S. macrophylla. Histological analyses provided evidence of the graft union compatibility. Air layering was performed with different combinations of nutrient solutions and IBA application. This is the first report concerned with the application of such techniques to K. anthotheca.
MATERIAL AND METHODS

Plant materials and location of the experiments
Our experiments were conducted with seedlings from K. anthotheca and S. macrophylla, which were grown from seeds. 
Cleft grafting
Cleft grafting was performed by reciprocals union between selected scions and rootstocks from K. anthotheca and S. macrophylla plants, both with 280 days (after germination) ( Figure 1A ). The following combinations (treatments) of scion and rootstock were conducted: K.A./S.M. = Khaya anthotheca + Swietenia macrophylla (scion/rootstock); S.M./K.A = Swietenia macrophylla + Khaya anthotheca (scion/rootstock); S.M./ S.M. = Swietenia macrophylla + Swietenia macrophylla (scion/rootstock); and K.A./K.A. = Khaya anthotheca + Khaya anthotheca (scion/rootstock). Seedlings with similar stem diameters were selected. The stock was cut in a smooth straight-grained section (1-2 cm) evenly split at 15 cm from the base of the plant (contact with soil). The bottom of the scion was prepared by cutting a gradually tapering wedge of approximately 1.5 cm. Leaves were detached from the scion to reduce evapotranspiration. The scion was inserted into the rootstock, aimed at joining their cambium regions. The cleft graft was then wrapped with a biodegradable plastic ribbon. Finally, the graft was covered with a yellow-brown paper bag (5×25 cm) fixed at 3 cm below of the insertion area. The grafted seedlings were maintained under greenhouse conditions for 45 days. Meanwhile, shoots grown out from the rootstocks were removed to promote the recovery of the cambial tissues from both scion and stock. After this period, the seedlings were transferred to a shade house and the grafting union compatibility (connection between cambial tissues) was evaluated after 45 and 200 days after the grafting procedure. All steps of the cleft grafting were performed with gloves and grafting pliers sanitized with sodium hydrochloride 25% (~ 0.50 -0.62% of active chlorine).
The experiment was performed in a completely randomized block design with five replicates of each of the four combinations, i.e., treatments, between K. anthotheca and S. macrophylla. The experimental units consisted of plots with five cleft grafts for each treatment. In total, 100 grafts were used.
FIGURE 1 Schematic representation of the steps for grafting
and air layering on Khaya anthotheca. A -Reciprocal cleft grafting between K. anthotheca and Swietenia macrophylla (scion ↔ rootstock). B -Air layering of K. anthotheca. S100 = 100% of the original concentration of macro and micronutrients (Table  1) ; S50 = 50% of the original concentration; and S25 = 25% of the original concentration.
Air layering
Air layering was performed on 450-day-old seedlings of K. anthotheca, that were approximately 40 cm height ( Figure 1B ). The seedlings were transferred to cylindrical polyethylene bags (3.8 L). The substrate was composed by medium-sized washed sand (0.10 mm < particle size < 0.25 mm). The bottom of each pot was filled with a 3 cm-layer of crushed stone. Leaf area was reduced by 50% to avoid effects of dehydration after transplantation; and roots were pruned.
The plants were maintained in a shade house (50% shade). At 20 days after transplantation, the substrate of each pot was evenly irrigated between 7 and 8 a.m. with 100 mL of nutrient solution containing 100% (S 100 ), 50% (S 50 ) or 25% (S 25 ) of the macro and micronutrient solution provided in Table 1. (Historesin, Leica ® , Hildeberg, Germany). The blocks containing the samples were prepared according to manufacturer's instructions, being stored for 28 days at 24°C. The blocks containing the samples were sectioned longitudinally to a thickness of 10 μm using an automatic rotary microtome Microm HM 355S (Thermo Scientific). The sections were stained with toluidine blue (0.05%, v/v) in a phosphate buffer and citric acid (SAKAI, 1973) for 20 min and mounted on slides with a synthetic resin (Entellan ® ). The slides were analyzed and photographed with a light microscope (Opton) and images were captured in micrometric scale.
Data collection and statistical analysis
The data collected from the two experiments were submitted to Hartley's test (P < 0.05) to verify the variance homogeneity among treatments and to Lilliefors's test (P < 0.05) to check for normal distribution. When necessary, the data were transformed through Box-Cox test. Thereafter, the data were submitted to ANOVA (P < 0.05). Post-hoc analyses with Tukey's test (P < 0.05) were performed when significance was detected by ANOVA. The software SOC (EMBRAPA, 1990) and packages from R (R Development Core Team, 2012) were used for the analyses.
RESULTS
Cleft grafting
The four combinations conducted for cleft grafting (scion/rootstock: K. The solution pH was adjusted to 5.8 at 25°C with HCl or NaOH, both at 1.0 M. Modified from Brondani et al. (2014) .
The air layering procedure was performed 60 days after irrigation with the nutrient solution was initiated. The complete stem-girdling method was employed in this study. Girdling was conducted at 15 cm from the base of each seedling. After girdling, the area was sprayed with indole-3-butiric acid (IBA) at the concentrations of 0.0 (control), 3.0 and 8.0 g . L -1
. Thereafter, the girdled region was covered with sphagnum and isolated with a PVC plastic film. The air layers were moistened with 5 mL of water, using a syringe, every two weeks. After 60 days, the upper region from the air layers was removed since it presented the roots to be used for generating a newly separate plant. The procedures were performed with a switchblade knife sanitized with sodium hydrochloride at 25% (~0.50 -0.62% of active chlorine).
The experiment was conducted as a completely randomized block design in factorial arrangement (3×3) with three replicates. The treatments consisted of the nutrient solutions (S 100 , S 50 and S 25 ) and three concentrations of IBA (0. 
Histological analyses
Samples of cambial tissue from the contact area between graft (K. anthotheca) and rootstock (S. macrophylla) were collected in order to perform histological analyses using light microscopy. The samples were fixed in formaldehyde and modified glutaraldehyde (glutaraldehyde 1%; paraformaldehyde 4% in sodium phosphate buffer -NaH 2 PO 4 .H 2 O at 0.1 M; pH 7.2) (KARNOVSKY, 1965) . Subsequently, samples were submitted to two vacuum series (-600 mmHg) for 30 min each. After that, samples were stored at 4°C for 30 days. Samples were then dehydrated in an ethanol series with increasing concentrations for 15 min in each solution (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100%, v/v) . The samples were embedded with hydroxyethyl methacrylate resin considering the whole set of grafts (Table 2) . Interspecific grafting provided the lowest success after 200 days. No grafts from the combination S. macrophylla + K. anthotheca (scion/rootstock) survived, while 52% of the combination K. anthotheca + S. macrophylla (scion/rootstock) survived. Intraspecific grafts provided the highest survival, with 92% for K. anthotheca and 48% for S. macrophylla. The grafting success was evidenced from histological sections of the region of the union between the scion and the rootstock ( Figure 3A) . The radius of scion and rootstock were aligned, which indicates that a connection between vascular tissues and parenchyma was established between the propagules (Figure 3B-D) . The presence of vascular cambium, medulla and cortex evidenced the beginning of secondary growth.
Air layering
The adventitious rooting and callogenesis of the air layers of K. anthotheca were affected (ANOVA, P < 0.05) by the different nutrient solutions and the application of indole-3-butyric acid (IBA) (Tables 3 and  4) , but no interaction between nutrient solution and IBA was detected. Rooting was the highest when the air layers were treated with solution containing 100% K. anthotheca and S. macrophylla/S. macrophylla) was, in general, compatible. Conversely, interspecific grafting resulted in high incompatibility, when K. anthotheca was used as rootstock and S. macrophylla as scion, ultimately providing no compatibility after 200 days (Table 2) . On the contrary, when K. anthotheca was used as scion and S. macrophylla as rootstock, 52% of grafts survived after 200 days (Table 2 ). The histologic analyses reinforced that the compatibility was effective, since vascular tissue regeneration was observed (Figure 3) .
The complete incompatibility when S. macrophylla was used as scion was also found previously with interspecific grafting with the related mahogany K. ivorensis as rootstock (PINHEIRO et al., 2011) . The events related to such incompatibility are still awaiting understanding. It has been suggested that they might be related to nutrient deficiencies, differential tissue-growth potential between scion and rootstock and the presence of parenchyma or bark tissue around the adhesion area (HARTMANN et al., 2011) .
From our analyses, we recommend using grafting of K. anthotheca, which might be efficient at the intraspecific level, and might be performed interspecifically with S. macrophylla. However, the inverse combination with K. anthotheca as the rootstock and S. macrophylla as the scion is incompatible. Such incompatibility might be associated with morphological, physiological and molecular factors. The size of the cells of the two different parts (scion and rootstock) could be a limiting factor, as well as the exchange of liquids and metabolites between them. A comprehensive analysis of their molecular implications (genomic, transcriptomic, proteomic and metabolomic profiles) is encouraged for further assessments.
Concerning air layering, our results evidenced it as a suitable method for the vegetative propagation of K. anthotheca. A critical factor in determining adventitious rooting was the application of a nutrient solution with at least 50% of the macro and micronutrients concentrations proposed by Brondani et al. (2014) (Table 3) . Moreover, the application of IBA improved adventitious rooting. A number of studies have shown increased adventitious rooting with IBA, such as in Bixa orellana (MANTOVANI et al., 2010) , Syzygium jambos (MARTINS; ANTUNES, 2000), Vitis rotundifoliae (PACHECO et al., 1998) and Prunus persica SILVEIRA, 2003) . Our data also showed that IBA (3.0 or 8 g . L -1 ) promoted higher rates of adventitious rooting than callogenesis (Figure 4 and Table Means in the same column followed by the same letter show no difference by Tukey's. Data are presented as: mean (± standard error).
DISCUSSION
Cleft grafting
This is the first description of vegetative propagation of K. anthotheca through grafting and air layering for vegetative propagation in nurseries. Moreover, it is the first report of interspecific grafting between K. anthotheca and S. macrophylla. Our data revealed that intraspecific grafting (scion / rootstock: K. anthotheca / (S 100 ) and 50% (S 50 ) of the concentration of macro and micronutrients of the reference solution ( Table  1 ). The proportions of rooting diminished by 20% when the solution with only 25% (S 25 ) of the original concentration was used in the irrigation process. Conversely, the occurrence of callogenesis was higher with S 25 treatment ( Table 3) .
The adventitious rooting was higher when IBA was applied (3.0 and 8.0 g . L -1 ) (Table 4) . However, no significant difference was detected between the two IBA concentrations for this variable. Nevertheless, the adventitious rooting was 72% higher in IBA-treated plants than in non-treated plants (0.0 g . L -1 ). Callus proliferation was 70% higher in the absence of the auxin (Table 4) . In general, the application of the nutrient solution at 100% or 50% concentration along with IBA (3.0 or 8 g . L -1 ) are recommended treatments for optimal adventitious rooting from air layers of K. anthotheca (Figure 4 ). 4), for plants originating from seeds. Similar results were observed by Castro and Silveira (2003) , who achieved high rates of adventitious rooting with air layers of P. persica treated with 3.0 g . L -1 of IBA. We recommend using the nutrient solution of Brondani et al. (2014) with at least 50% of their proposed macro and micronutrients concentrations in combination with IBA (3.0 or 8 g . L -1 ) to provide optimal adventitious rooting during air layering of K. anthotheca.
Implications of the results
The use of cleft grafting and air layering have important implications for expanding the production of K. anthotheca in nurseries. First, cleft grafting has the potential to rescue superior genotypes selected for a breeding program. The grafts may be used to establish a seed orchard to produce seeds from desired genetic materials. The grafts may also be used as a source of propagules for the vegetative propagation of K. anthotheca by cuttings and mini-cuttings or even micropropagation.
Another potential application of cleft grafting is the production of S. macrophylla in homogeneous plantations. Using K. anthotheca as rootstock might have a positive effect on the growth of the trees in the field, since somehow it might confer an induced resistance to H. grandella (LINZ et al., 2009) . Such a propagation strategy has already been tested by Kalil Filho et al. (2000) , with combinations of scion and rootstock between Toona ciliata and S. macrophylla. However, no compatibility occurred between the genotypes, leading to their death. In a different approach, Perez et al. (2010a) evaluated different combinations of scion and rootstock (K. senegalensis and Toona ciliata) for the propagation of S. macrophylla and C. odorata, aimed at resistance to H. grandella. Those combinations improved the resistance to the insect, however, further recommendation has been given to study such effects on more advanced stages of the trees and in field conditions. Moreover, extracts prepared from plants resistant to H. grandella confirmed the possibility of inducing resistance through grafting in S. macrophylla (PEREZ et al., 2010b) . Such results reinforce the usefulness of this method for the propagation of the species when the aim is to establish homogeneous plantations.
Induced resistance by grafting is desirable, as H. grandella bores the apical meristem of S. macrophylla in nurseries and trees in the field (LUNZ et al., 2009) . Such injury leads to the breakdown of apical dominance and reduction in growth and wood quality. Moreover, it might generate a twisted trunk and the presence of nodes, along with other undesirable effects, which decrease the value of the wood in the market (OHASHI et al., 2008; LUNZ et al., 2009; ROCHA et al., 2016 ). As no evidence of H. grandella attack on K. anthotheca has been reported so far, the crown replacement by using K. anthotheca as scion could be an alternative for obtaining high-quality wood in homogeneous planting of S. macrophylla. Contrarily, the opposite approach, which would be desirable, is still problematic. Our results showed no compatibility between S. macrophylla (scion) and K. anthotheca (rootstock), which compromises the production of wood from S. macrophylla (as scion) in homogeneous plantations based on the theory of induced resistance to the attack of H. grandella (LINZ et al., 2009) . Either way, such possibilities require further experimental evidence.
The air layering technique was proved an effective method for adventitious rooting of K. anthotheca. Although it is a laborious method at the initial stage with all the preparation steps from girdling to covering and maintenance of the substrate moisture, it might be an alternative method for rescuing valuable genotypes, with the potential to obtaining several propagules from a single tree, when necessary.
Overall, both cleft grafting and air layering might be used to compose a minigarden (seminal or clonal) of K. anthotheca, which would be aimed at the production of new plants from mini-cuttings. Such strategies allow the production of new plants throughout the entire year, and most importantly, require no seeds.
CONCLUSIONS
We have demonstrated the application of clef grafting and air layering for vegetative propagation of K. anthotheca. Both methods constitute a good alternative for the propagation of the species. Graft compatibility was observed at the intraspecific as well as interspecific level with S. macrophylla. However, the only interspecific combination that resulted in a compatible graft was K. anthotheca as the scion and S. macrophylla as the rootstock. The other combination requires further study for improving compatibility and survival of the grafts. In the case of air layering, the combination of a nutrient solution with at least 50% of the original concentration described and the application of IBA (3.0 or 8 g.L -1 ) were important for providing high adventitious rooting of K. anthotheca.
